The temporary interaction of distinct gamma oscillators effects binding, association, and information routing. How independent gamma oscillations are generated and maintained by pyramidal cells and interneurons within a cortical circuit remains unknown. We recorded the spike timing of identified parvalbumin-expressing basket cells in the CA1 hippocampus of anesthetized rats and simultaneously detected layer-specific gamma oscillations using current-source-density analysis. Spike timing of basket cells tuned the phase and amplitude of gamma oscillations generated around stratum pyramidale, where basket cells selectively innervate pyramidal cells with GABAergic synapses. Basket cells did not contribute to gamma oscillations generated at the apical tuft of pyramidal cells. This gamma oscillation was selectively modulated by a subset of local GABAergic interneurons and by medial entorhinal cortex layer 3 neurons. The generation of independent and layer-specific gamma oscillations, implemented onto hippocampal pyramidal cells along their somato-dendritic axis, can be explained by selective axonal targeting and precisely controlled temporal firing of GABAergic interneurons.
INTRODUCTION
The mammalian brain generates a multitude of coexisting electrical oscillations that, by providing a multiplexed temporal framework for circuit operations, support a variety of cognitive functions (Buzsá ki and Draguhn, 2004) . In particular, neuronal oscillations in the gamma frequency range (30-100 Hz) are instrumental in sensory processing (Cardin et al., 2009 ), attentional selection (Gregoriou et al., 2009) , and memory storage and retrieval (Lisman and Idiart, 1995; Montgomery and Buzsá ki, 2007) through coordinating cell assemblies (for reviews see Colgin and Moser, 2010; Lisman and Jensen, 2013 ).
An increasing amount of evidence reveals that the label ''gamma frequency'' covers a vast diversity of different oscillations (Belluscio et al., 2012; Bragin et al., 1995; Scheffer-Teixeira et al., 2012 ) that may or may not share mechanisms and functional roles (Colgin et al., 2009; Csicsvari et al., 2003; Jackson et al., 2011; Mann and Mody, 2010; Middleton et al., 2008; Ray and Maunsell, 2010) . Traditionally, the different hippocampal gamma oscillations have been discriminated primarily on the basis of their frequency (e.g., fast and slow gamma oscillations), but they are also differentially amplitude modulated by the hippocampal theta oscillation (5-12 Hz) (Belluscio et al., 2012; Bragin et al., 1995; Canolty et al., 2006; Tort et al., 2008) , a feature that has been suggested to support the segregated flow of information across different pathways (Akam and Kullmann, 2010; Colgin et al., 2009; Tort et al., 2009 ). In addition to this temporal segregation by theta oscillation, gamma oscillations were found to have distinct amplitude distributions in hippocampal input layers (Belluscio et al., 2012; Ferná ndez-Ruiz et al., 2012; Scheffer-Teixeira et al., 2012; Tort et al., 2008) , where axon terminals of distinct origin innervate different subcellular domains of pyramidal cells.
How does this intricate system of oscillations emerge from neuronal circuits? The mechanisms of gamma generation have been studied in detail using in vitro models (Fisahn et al., 1998; Whittington et al., 1995) . These studies revealed that in hippocampal slices parvalbumin-expressing (PV+) basket cells, innervating the somata and proximal dendrites of pyramidal cells, are the key players in the genesis of pharmacologically evoked gamma frequency rhythms (Fisahn et al., 2004; Gulyá s et al., 2010; Mann et al., 2005) . The contribution of PV+ basket cells to hippocampal gamma oscillations in vivo (Csicsvari et al., 2003) is more controversial, as in both CA1 and CA3, gamma oscillation amplitudes increase on the peak of the theta cycle Colgin et al., 2009; Lasztó czi et al., 2011; Soltesz and Deschê nes, 1993; Stumpf, 1965; Tort et al., 2009) , whereas PV+ basket cells preferentially fire on the descending phase (Klausberger et al., 2003; Lapray et al., 2012; Tukker et al., 2013; Varga et al., 2012) and are not the GABAergic cell type strongest coupled to gamma oscillations (Tukker et al., 2007) . Although network gamma frequencies can be toggled pharmacologically under some conditions (Mann and Mody, 2010; Middleton et al., 2008) , the coexistence of diverse gamma oscillations in vivo contrasts the unimodality observed in vitro, suggesting that models based on a single cell type may not fully account for the complexity of intact systems (Jackson et al., 2011; Middleton et al., 2008) .
The diversity of GABAergic cell types with input-layer-specific axonal and dendritic distributions and cell-type-specific theta phase firing preference (reviewed in Klausberger and Somogyi, 2008) represents a hallmark of the hippocampus and cortex.
Could the diversity of GABAergic cells be involved in the generation of independent gamma oscillations occurring in the same structure? To address this, we concurrently recorded firing of identified PV+ basket cells, and local field potentials (LFPs) from multiple input layers in the CA1 area of the rat hippocampus in vivo. Due to volume conduction, LFPs at any location are considered an unknown mixture of extracellular potentials originating from different, potentially distant sources Kajikawa and Schroeder, 2011) . To gain insight into the nature, intensity, and temporal dynamics of localized electrical processes, we analyzed the spike timing relative to currentsource-density (CSD) traces, which, unlike the LFP, are largely devoid of volume-conducted components.
RESULTS
Layer-and Theta-Phase-Dependent Segregation of Hippocampal CSD Gamma Oscillations To explore the spatiotemporal organization of distinct gamma oscillations, we simultaneously recorded LFP from 16 linearly arranged sites on a single-shank silicon probe with 100 mm contact spacing, stereotactically inserted approximately perpendicular to the input layers of the dorsal CA1 hippocampus of anaesthetized rats (Figure 1 ; Figure S1 available online). In these experiments (n = 37), the positioning of the probe was guided by variations in the electrophysiological signals to cover all input layers of the CA1 and was confirmed by histological analysis (Figures 2B and S1A). We analyzed gamma oscillations during theta oscillations. LFP recordings from stratum pyramidale confirmed earlier observations on the preferential occurrence of transient gamma oscillations on the peak of the theta cycle (Figures 1A and S1B) . However, dynamics of more localized CSD recordings revealed theta rhythmic alternation of CSD gamma oscillations in stratum pyramidale and lacunosum-moleculare ( Figures 1A and S1B ), a phenomenon inconsistent with a single gamma oscillator. CSD gamma oscillations in the pyramidal layer ( Figure 1A , red shading) were found to be enhanced on the trough of theta oscillations and appeared to have higher frequency than CSD gamma oscillations in stratum lacunosum-moleculare ( Figure 1A , blue shading), which occurred mostly on theta peaks. The similar frequency and theta modulation of LFP gamma oscillations in stratum pyramidale and LFP and CSD gamma oscillation in stratum lacunosum-moleculare (Figures 1B and S1B) imply that LFP in the pyramidal layer, which has been the most frequent way of detecting hippocampal gamma oscillations, is dominated by volume-conducted gamma oscillations from elsewhere, most likely from stratum lacunosum-moleculare.
We analyzed CSD (or LFP) gamma oscillation amplitude as a function of input layer, frequency (20-100 Hz), and theta phase (from pyramidal layer LFP; Figure 1B ). This analysis (n = 22 for CSD, and n = 6 for LFP) showed that CSD in stratum lacunosum-moleculare was dominated by an $30 Hz gamma oscillation waxing and waning in concert with the peak of the theta cycle ( Figure 1B , right, filled blue arrowhead), while pyramidal layer CSD was dominated by a faster, $50 Hz gamma oscillation that was preferentially activated around the trough of the theta cycle ( Figure 1B , right, filled red arrowhead). These characteristic patterns were not restricted to strata pyramidale and lacunosum-moleculare, but extended into stratum oriens and the proximal $200 mm of the stratum radiatum (the perisomatic zone) and into the molecular layer of the dentate gyrus, the distal part of the stratum radiatum, and occasionally the alveus (distal dendritic zone), respectively (Figures 1B, 2E, and 7C) . In CSD analysis, patterns characteristic of pyramidal layer and stratum lacunosum-moleculare were not observed in stratum lacunosum-moleculare and the pyramidal layer, respectively ( Figure 1B , right, open red and blue arrowheads). Thus, we define two CSD gamma oscillations, one centered on the pyramidal layer that we will call ''perisomatic gamma'' (gamma perisomatic ) and another localized to distal dendrites that we will call ''apical tuft gamma'' (gamma apical tuft ) oscillations. The distinct character of the two could not be revealed in LFP recordings ( Figure 1B, left) , and therefore, we based all further analyses of gamma oscillations on CSD analysis.
We also performed recordings with a linear 16-site silicon probe with 50 mm contact spacing inserted into the dorsal CA1 hippocampus of drug-free, head-fixed mice (n = 3). The spatiotemporal distribution of CSD gamma oscillations was qualitatively consistent with that observed in urethane-anaesthetized rats, with the gamma oscillations in strata lacunosum-moleculare and radiatum preferentially occurring on the peak and gamma oscillations around stratum pyramidale preferentially occurring on the trough/descending phase of theta oscillations ( Figure 1C ).
Spike-Timing of PV+ Basket Cells Is Coupled to Gamma perisomatic but Not Gamma apical tuft How does the activity of PV+ basket cells, reported to generate gamma oscillations in vitro, correlate with distinct hippocampal CSD gamma oscillations in space and time? We corecorded identified PV+ basket cells with extracellular glass electrodes and LFPs from the silicon probe placed nearby. Based on the characteristic enrichment of axon terminals in the pyramidal layer and its immediate vicinity ( Figure 2B ) and PV immunoreactivity ( Figure 2C ), we identified five juxtacellularly labeled CA1 cells as PV+ basket cells ( Figure 2B ). Dendrites of PV+ basket cells had radial orientation and spanned strata oriens and radiatum, but they extended little into stratum lacunosum-moleculare ( Figure 2B ) (Tukker et al., 2013) . All PV+ basket cells successfully tested were immunonegative for neuropeptide Y (n = 3) and somatostatin (n = 1) and immunopositive for PV (n = 5), Erb4 (n = 1), and the a1 subunit of the GABA A receptor (n = 1).
Upon visual inspection during theta oscillations, spikes of PV+ basket cells appeared to be coincident with increased gamma oscillation amplitude in CSD recordings from the perisomatic zone (Figures 2A, 2D , and 2E). By contrast, CSD gamma oscillations in the distal dendritic zone were found to decrease in amplitude when PV+ basket cells were active (Figures 2A, 2D , and 2E). These correlations were a consequence of concerted theta phase modulation of gamma perisomatic , gamma apical tuft , and the firing of PV+ basket cells (Figures 2A, 2D , and 2E). The firing of the cell B96b (Figure 2 ) was significantly (p << 0.001; Rayleigh test; n = 4,450 spikes) biased to the descending phase of the LFP theta cycle in stratum pyramidale (mean phase angle was 326 ) ( Figure 2E ) (Klausberger et al., 2003) , when Figure S1 .
gamma perisomatic was strong and gamma apical tuft was weak (red arrowheads in Figure 2E ). Firing of the PV+ basket cells was not only positively correlated to the amplitude of gamma perisomatic but also the action potentials preferentially occurred on the ascending phase of CSD gamma cycles in stratum pyramidale (Figures 2A and 2F ). Spikes also occurred on least preferred parts of theta cycle, coincident with strong gamma apical tuft (Figures 2A and 2D ), but their timing was hardly dependent on the phase of CSD gamma oscillations in stratum lacunosum-moleculare (Figures 2A and 2F ).
To quantify the coupling strength of PV+ basket cells to gamma perisomatic and gamma apical tuft , we defined the frequency ranges occupied by these two CSD gamma oscillations based on theta phase modulation spectra (20-100 Hz; see Experimental Procedures). The center frequency for gamma perisomatic was significantly higher than the center frequency for gamma apical tuft (46 ± 7.2 Hz versus 29 ± 5.4 Hz; mean ±SD; p = 0.0017; t (4) = 7.54; paired t test; n = 5), but there was a significant overlap between the two frequency ranges ( Figure 3A ), indicating that defining frequency ranges alone is insufficient to separate gamma oscillations. We analyzed how the phase coupling of PV+ basket cells to CSD oscillations in these two frequency ranges depend on the CA1 input layer ( Figure 3B ). We reasoned that the coupling strength should increase with decreasing distance to the source of oscillation to which the phase coupling is genuine. We detected significant variation of the normalized coupling strength as a function of input layer for both gamma frequency ranges (p << 0.001; F (7,32) = 24.89; n = 5; p << 0.001; F (7,32) = 21.64; n = 5; one-way ANOVA). Notably, the maximum of the mean vector length across layers (the normalization base) was significantly different between the two frequency ranges (0.27 ± 0.12 for gamma perisomatic range versus 0.15 ± 0.04 for gamma apical tuft range; mean ±SD; p = 0.0079; n = 5; Mann-Whitney U test). Consistent with genuine phase coupling to gamma perisomatic , we observed that in its frequency range the mean vector length was higher in the perisomatic zone (black asterisks in Figure 3B ; Tukey's test at a = 0.05; see also Figures 2D-2F). However, it was the very same locations for which the phase coupling in the frequency range of gamma apical tuft was increased as well (gray asterisks in Figure 3B; Tukey's test at a = 0.05), despite limited contribution from gamma apical tuft in these contacts . Indeed, the coupling strength, as measured by the mean vector length, was indicative of strong coupling to gamma perisomatic (0.25 ± 0.12; mean ±SD; range 0.19-0.47) but of minimal coupling to gamma apical tuft (0.037 ± 0.013; range 0.024-0.054). The difference between the coupling strengths was highly significant (p = 0.0079; n = 5; Mann-Whitney U test; Figure 3C ). We also observed that the frequency range, over which strong phase coupling of PV+ basket cells to gamma perisomatic was observed, showed marked overlap with the frequency range, for which gamma perisomatic was strongly modulated by theta oscillations (compare Figures 2E and 2F , left column). Accordingly, the frequency, at which peak modulation of PV+ basket cells occurred (55 ± 15 Hz; mean ±SD; n = 5) was not different from the center frequency of gamma perisomatic (p = 0.28; t (4) = À1.25; paired t test). Overall, these data demonstrate that PV+ basket cells fire strongly phase coupled to gamma oscillations generated around stratum pyramidale, but they did not contribute to gamma oscillations generated at the apical tufts.
Theta Phase Modulation of Firing and Gamma Phase
Coupling of PV+ Basket Cells Explains the Waxing and Waning of Gamma perisomatic during the Theta Cycle Next, we analyzed the theta phase dependence of gamma spike timing of PV+ basket cells. As an average theta cycle ($220 ms) may accommodate $10 gamma cycles at 45 Hz, we sampled PV+ basket cell spikes from 10 theta phase bins and calculated coupling to CSD gamma oscillations within each bin separately. Significant phase coupling to gamma perisomatic (at a = 0.05; Rayleigh test) with similar preferred phase ( Figures 4A and S2 ) was observed throughout all theta phase bins. The strength of phase coupling, as measured by mean vector length spectra, however, showed marked fluctuation as a function of theta phase, having a minimum on the ascending phase, gradually increasing, and reaching peak just after the trough, followed by a rapid decline. Statistical analysis (n = 5 basket cells; Figure 4B1 ) disclosed significant variation in the strength of PV+ basket cell spike coupling to gamma perisomatic (p = 0.018; F 9,40 = 2.6; n = 5; one-way ANOVA) but not to gamma apical tuft (p = 0.8; F 9,40 = 0.59; n = 5; one-way ANOVA). The firing of PV+ basket cells was nonuniformly (p < 0.001; Rayleigh test; n = 5 cells; >500 spikes for each cell) distributed across the theta cycle, with a clear phase preference to the descending phase (mean phase angle was 334 ± 11.8 ; circular mean of mean phases ± circular SD; range of means 324 -350 ; mean vector length: 0.23 ± 0.10; mean ±SD; range 0.12-0.34) ( Figure 4B2 ). The highest amplitude of gamma perisomatic at the trough of theta oscillations can be explained by the combination of the highest firing rate of PV+ basket cells before, and their strongest gamma phase coupling after the theta trough ( Figure 4C ). This indicates that during the descending theta cycle phase, the increasing firing of PV+ basket cells builds up a slightly lagging gamma synchrony that reaches its maximum after the highest firing of PV+ basket cells. On the ascending theta phase, both firing rate and gamma synchrony collapses, and an independent gamma apical tuft oscillation builds up in stratum lacunosum-moleculare.
Coupling of CA3 Pyramidal Cells to CA1 Gamma Oscillations Next, we determined the temporal relationship between the spike timing of PV+ basket cells or CA3 pyramidal cells and the current sinks and sources of gamma oscillations in the different layers of CA1 ( Figure 5A ).
In three experiments with silicon probe recordings from the CA3 region of the dorsal hippocampus, we have recorded and isolated 111 units firing during theta oscillations (19 putative interneurons, 83 putative pyramidal cells, and 9 undetermined). Putative pyramidal cells were identified based on burst firing and characteristic spike shape, with a subset (n = 23) showing monosynaptic excitatory connection to at least one unit. Coupling of CA3 pyramidal cells to CSD gamma oscillation in the CA1 was explored by inspecting the spatial profiles of mean phase and coupling strength spectra. A subset of putative pyramidal cells (n = 15) displayed firing rates >2 Hz during theta oscillations (mean ±SD; 4.2 ± 2.3 Hz; range 2.02-9.78) and often (A) Silicon probe recordings of LFP from stratum pyramidale and gamma-filtered (20-80 Hz) CSD from stratum lacunosum-moleculare and pyramidale, and extracellular (glass electrode) recording of spikes of an identified parvalbumin-expressing (PV+) basket cell (B96b). Cell firing is associated with strong CSD gamma oscillations in the pyramidal layer, and individual spikes tend to fall on the ascending phase (red; current source is upward). In stratum lacunosummoleculare, CSD gamma oscillations are smaller during firing and spikes are evenly distributed to different phases (blue). (B) Neurolucida reconstruction of the cell shown in (A). Soma, dendrites (red, full), and axon (black, partial) of the neurobiotin-labeled cell B96b and the position of the recording contacts (gray circles) of the silicon probe (green) are displayed. (C) A dendrite of B96b (left) is immunopositive for parvalbumin (PV; right). (D) CSD traces deducted from the silicon probe (top, aligned to reconstruction in [B] ) and the spikes of the cell (bottom). Theta-filtered (3-6 Hz) LFP from stratum pyramidale is shown for reference; vertical dashed lines mark the troughs. The spatiotemporal extent of perisomatic and apical tuft gamma oscillations are marked by red and blue shading, respectively.
(legend continued on next page)
showed preferential phase coupling to 20-45 Hz CSD oscillations in the molecular layer of the dentate gyrus (data not shown). The remaining putative pyramidal cells (firing at 0.60 ± 0.51 Hz during theta oscillations; range 0.01-1.99 Hz) were often coupled to gamma perisomatic . As many individual units had not enough spikes to generate meaningful coupling spectra, we pooled the corecorded units (putative pyramidal cells firing at <2 Hz) to generate spectra for the CA3 pyramidal cells as a population (n = 2,091, 3,594, and 927 spikes from 11, 40, and 17 units, in three experiments). Indeed, these spectra showed significant coupling to CA1 CSD gamma oscillations corresponding in frequency and spatial distribution to gamma perisomatic ( Figure 5A ). When averaged over the 30-70 Hz range, the normalized mean coupling strength showed significant variation with the input layer (p = 0.0016; F 8,26 = 5.32; n = 3; one-way ANOVA) ( Figure 5B ).
The spikes of PV+ basket cells occurred, on average, 6.1 ms before the maximum current source in the stratum pyramidale ( Figure 5C ), and their coupling phase reversed across the borders to strata radiatum and oriens, consistent with a local gamma perisomatic current generator through GABAergic inhibition on pyramidal cell somata and return currents in strata oriens and radiatum ( Figures 5C and S3 ). An average 8.5 ms time lag between CA3 pyramidal and CA1 PV+ basket cell firing may indicate some gamma perisomatic entrainment of CA1 basket cells by the CA3 input. In addition, we found that during theta oscillations, PV+ basket cell firing is associated with maximum theta current sink in the proximal part (100À250 mm) of stratum radiatum (Figure 6 ), where they receive a large number of excitatory synapses most likely originating from CA3 pyramidal cells (Gulyá s et al., 1999; Tukker et al., 2013) . Overall, these results indicate that PV+ basket cells are recruited by excitation from the CA3 area during theta oscillations.
Cellular Networks for Gamma apical tuft
To test possible contributions of the dorsal medial entorhinal cortex (dMEC) to gamma apical tuft oscillations, we inserted 16 site linear silicon probes (50 mm spacing) into the dMEC (n = 3 experiments; Figure 7A ) and recorded units from the layer 3 (L3) and layer 2 (L2), which give rise to fibers terminating in the stratum lacunosum-moleculare of the CA1 and the molecular layer of dentate gyrus, respectively. Simultaneously, we recorded CSD gamma oscillations in different hippocampal layers with an additional silicon probe. We recorded and isolated 133 dMEC units, including 55 putative interneurons and 63 putative excitatory cells identified based on their characteristic spike shape and autocorrelogram, with a subset (n = 24) showing functional monosynaptic excitatory connection to at least one unit; 15 cells remained unclassified. Putative projection cells in L3 preferentially fired before the peak of theta oscillations in CA1 stratum pyramidale ( Figure 7B ). We pooled their spikes for individual experiments and generated population coupling spectra for hippocampal CSD gamma oscillations (n = 293, 2,774, and 12,672 spikes from 6, 1, and 5 units) ( Figure 7C ). L3 putative projection cells showed significant coupling to 20-45 Hz CSD gamma oscillations recorded from stratum lacunosum-moleculare ( Figure 7C ), less coupling to CSD gamma oscillations recorded in the molecular layer of the dentate gyrus, and very little or no coupling to CSD oscillations in the stratum pyramidale. Quantitative analysis confirmed significant variation of coupling strength as a function of input layer ( Figure 7D ) (p = 0.0011; F 8,26 = 5.66; n = 3 experiments; one-way ANOVA). Projection cells in L3 of dMEC preferentially fired at the peak of gamma apical tuft in stratum lacunosum-moleculare ( Figure 7E ), where their spikes were followed by the maximum sink after 13.2 ms. This delay (Charpak et al., 1995; Townsend et al., 2002) , together with a phase reversal of coupling across the border between (E) CSD gamma oscillation amplitude as a function of theta phase (as in Figure 1B strata radiatum and lacunosum-moleculare ( Figures 7E, S3 , and S4A) is consistent with L3 cells generating the current sink of hippocampal gamma apical tuft . Putative projection cells in L2 of dMEC showed a bimodal distribution with respect to their preferred theta phase ( Figure 7B) , with the population coupled to the trough of CA1 theta oscillations displaying little coupling to hippocampal gamma oscillations (data not shown). By contrast, the population that fired on the peak of theta (n = 910, 4,720, and 1,812 spikes from 5, 1, and 14 units in three experiments), showed significant coupling to 20-45 Hz CSD oscillations recorded from the molecular layer of dentate gyrus but only limited coupling to CSD gamma oscillations in CA1 ( Figures 7C and 7D ) (p = 0.0015; F 8,26 = 5.34; n = 3; one-way ANOVA for the variation of the coupling strength with the CA1 input layer). Consistent with connectivity, these data indicate the independence of CA1 gamma apical tuft from gamma oscillations in the molecular layer of the dentate gyrus. (C) Theta-phase-dependent fluctuation of the amplitude of gamma perisomatic (red) and gamma apical tuft (blue; mean ±SD of Z-scored amplitude; variation significant for both; a = 0.05, one-way ANOVA). The combination of theta phase modulation of PV+ basket cell firing rate (top; gray) and the strength of their phase coupling to gamma perisomatic (top; black; re-plotted from B) explains the waxing and waning of gamma perisomatic . See also Figure S2 .
The selective entrainment of PV+ basket cells by gamma perisomatic in the CA1 hippocampus led us to address whether other GABAergic cell types may contribute to the implementation of gamma apical tuft . Using silicon probes, we recorded unidentified interneurons located in strata radiatum/lacunosummoleculare. Importantly, somata of PV+ basket cells are not located in these layers but are restricted to strata pyramidale and oriens. Out of 31 putative interneurons recorded in ten experiments from seven animals, we found 12 (39%) that showed enhanced coupling to CSD gamma oscillations in stratum lacunosum-moleculare over other layers. Out of these 12 units, seven neurons showed enhanced coupling to 20-45 Hz CSD oscillations, corresponding to the gamma apical tuft , and five showed enhanced coupling to fast (60-100 Hz) CSD oscillations ( Figures  7C and 7D ) (p < 0.001 and p = 0.003; F 8,62 = 9.95 and F 8,44 = 5; n = 7 and 5 for the two groups, respectively; one-way ANOVA for the coupling strength as a function of input layer). Interestingly, these interneurons fired at various mean theta phases ( Figure S4B ), suggesting that they represented several distinct cell types. However, all interneurons fired preferentially at or just after the maximum gamma apical tuft sink in stratum lacunosum-moleculare ( Figures 7E and S4A ). This suggests that gamma apical tuft is generated by an interplay between gamma-rhythmic excitatory L3 dMEC input in stratum lacunosum-moleculare and local GABAergic interneuron networks.
DISCUSSION
In the CA1 region of the rat hippocampus, at least two distinct gamma oscillations coexist, with opposite theta phase preferences, distinct spatial distributions in CA1 input-layers, and different-yet overlapping-frequency ranges. Similar to a previous report (Colgin et al., 2009 ), we observed faster gamma oscillations at the trough of theta cycles and independent slower gamma oscillation at the peak and descending phase of theta waves. However, our spatiotemporal CSD analysis disclosed that in both urethane-anaesthetized rats and head-fixed mice the theta-peak gamma oscillations are generated in the distal apical dendritic zone of CA1 (stratum lacunosum-moleculare), where the excitatory innervation from the dMEC terminates (Witter et al., 1988) . Together with the selective coupling of putative projection cells in L3 of dMEC, our data suggest that gamma apical tuft primarily mediates direct communication between CA1 and dMEC (Charpak et al., 1995) . The axons of PV+ basket cells innervate pyramidal cell somata and proximal dendrites selectively in the layers where gamma perisomatic is generated, their spikes occur at the same theta phase (Klausberger et al., 2003; Lapray et al., 2012; Varga et al., 2012) as gamma perisomatic , and their spike timing is strongly coupled to gamma perisomatic oscillations. This interaction is highly selective, as neither spike timing nor axonal projections of PV+ basket cells contribute to gamma apical tuft oscillations. During each theta cycle, when nested gamma perisomatic oscillation is waxing and waning, PV+ basket cells fire with increasing precision on the ascending phase of the CSD gamma cycle, suggesting a cycleby-cycle buildup of basket cell gamma synchrony, similar to that predicted by some models (Traub et al., 1996; Wang and Buzsá ki, 1996; Whittington et al., 1995) . This synchrony collapses on the ascending theta phase, when basket cell firing declines and gamma apical tuft oscillations replace the gamma perisomatic oscillations. PV+ basket cells in CA1 form a semiautonomous theta-modulated gamma oscillator, influenced by gamma-rhythmic input from CA3 (Csicsvari et al., 2003; Zemankovics et al., 2013) but not by the gamma apical tuft , which are generated by interactions of glutamatergic input from L3 neurons in dMEC and GABAergic cells, other than PV+ basket cells, situated around the apical tuft. Our data suggest that interneuron types, with their specialized input and output connectivity (Klausberger and Somogyi, 2008) , may give rise to distinct subnetworks embedded into the CA1 circuitry, capable of generating, maintaining, and controlling gamma oscillators independently and supporting their integration by CA1 pyramidal cells (Akam and Kullmann, 2010; Colgin et al., 2009) . It is important to note that the LFP in the pyramidal cell layer, which has been the most common measure for gamma oscillations, contains a mixture of both gamma oscillations and is even dominated by gamma apical tuft , which is generated neither in this layer nor by PV+ basket cells. 
Role of PV+ Basket Cells in Generating CA1 Gamma Oscillations
The 180 shift in preferred gamma phase of PV+ basket cell firing across the borders of pyramidal layer, together with the coupling strength maintained throughout the perisomatic zone, revealed that rhythmic source-sink fluctuations at $45 Hz in the pyramidal layer flanked by corresponding sinksource fluctuations in the surrounding dendritic layers constitute the gamma perisomatic oscillation (Csicsvari et al., 2003; Mann et al., 2005) . Spikes of PV+ basket cells were followed by the maximum source of gamma-rhythmic CSD oscillations within 3-6 ms in the pyramidal layer, consistent with the gamma perisomatic oscillations being mediated by active, GABA A -receptor-dependent outward currents on pyramidal cell somata, driven by the activation of the basket cell synapses (Bazelot et al., 2010; Glickfeld et al., 2009; Mann et al., 2005; Oren et al., 2010) , with oscillations in dendritic layers representing fluctuations associated with passive return currents (Csicsvari et al., 2003; Glickfeld et al., 2009) . Indeed, the CA1 circuitry can autonomously generate $45 Hz oscillations (Middleton et al., 2008; Whittington et al., 1995) , whereby the rhythmicity is imposed on the pyramidal cells by an activated network of synaptically interconnected GABAergic cells (Fisahn et al., 2004; Traub et al., 1996; Wang and Buzsá ki, 1996; Whittington et al., 1995) or is generated through a loop between inhibitory interneurons and pyramidal cells (Fisahn et al., 1998; Mann et al., 2005) . In addition, CA1 interneurons and pyramidal cells can be entrained by the gamma oscillations emerging in the CA3 circuitry, transmitted via the Schaffer collaterals in a pyramidal-interneuron gamma mechanism (Csicsvari et al., 2003; Zemankovics et al., 2013) . Schaffer collateral input to PV+ basket cells (together with other inputs; Freund and Antal, 1988) may determine the theta phase modulation of PV+ basket cells (Klausberger et al., 2003; Soltesz and Deschê nes, 1993; Ylinen et al., 1995) and, consequently, the phase coupling of 
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Selective GABAergic Control of Gamma Oscillations gamma perisomatic oscillations to theta oscillations (Korotkova et al., 2010) .
Gamma Rhythm Specificity of PV+ Basket Cell Output As discussed above, PV+ basket cells are instrumental for the gamma perisomatic rhythm, but their spike timing and axonal targeting is independent of gamma apical tuft oscillations. By minimizing interference, this lack of contribution supports the independence of the two gamma oscillations and is thus consistent with the suggested gamma-rhythm-generator role of CA1 PV+ basket cells. We show that subsets of GABAergic interneurons in strata lacunosum-moleculare and radiatum, as well as putative projection neurons in L3 of the dMEC, contribute selectively to gamma apical tuft oscillations. Projection cells in L3 engage in gamma oscillations (Chrobak and Buzsá ki, 1998; Colgin et al., 2009; Quilichini et al., 2010) , innervate the apical dendritic tufts of CA1 pyramidal cells (Witter et al., 1988) , and synaptically drive gamma oscillatory currents in the stratum lacunosum-moleculare Csicsvari et al., 2003) during the peak of the theta cycle (Mizuseki et al., 2009; Quilichini et al., 2010) , both in a subset of local GABAergic interneurons and in the apical tufts of CA1 pyramidal cells. Gamma apical tuft oscillations are generated by synaptic activity localized in the stratum lacunosum-moleculare, where PV+ basket cells have very sparse dendrites (Gulyá s et al., 1999; Tukker et al., 2013) , providing a mechanism to minimize direct synaptic entrainment of PV+ basket cells by gamma apical tuft and interference in the gamma perisomatic generator circuit.
Interactions between Independent Gamma Oscillations
Long-range synchronization of gamma oscillators between distinct circuits may support associative processes such as sensory binding (Singer, 1999) , attention (Gregoriou et al., 2009) , and learning (Montgomery and Buzsá ki, 2007; Sirota et al., 2008; Tort et al., 2008) . In the hippocampus, distinct gamma oscillators may direct information flow for downstream reader networks and may segment theta cycle into functionally different subcycles (Akam and Kullmann, 2010; Buzsá ki and Watson, 2012; Colgin et al., 2009) . Basket cells control the output timing of CA1 pyramidal cells (Miles et al., 1996) , while synaptic excitation and inhibition in distal dendrites may be important for plastic changes in synaptic weights (Lovett-Barron et al., 2012; Miles et al., 1996; Royer et al., 2012) . It is therefore tempting to speculate that gamma perisomatic primarily control the transfer of retrieved information to downstream areas and gamma apical tuft may control the encoding of novel information. In line with this hypothesis, the first spikes of CA1 pyramidal cells during a place field traversal, when novel associations can be formed (Hasselmo et al., 2002) , occur at the peak of theta oscillations (Skaggs et al., 1996) , when LTP is facilitated (Hö lscher et al., 1997) and gamma apical tuft is strong. Due to the theta phase precession of place cell action potentials, established representations of the animal's current location (O'Keefe and Recce, 1993; Skaggs et al., 1996) are expressed on the theta trough when stored information could be efficiently retrieved (Douchamps et al., 2013; Hasselmo et al., 2002) and gamma perisomatic is the dominant fast oscillation. Interestingly, we have observed a significant temporal overlap between these two forms of gamma oscillation during the descending phase of theta oscillation. Although the oscillators are strictly independent, their targetsthe CA1 pyramidal cell network-are influenced by both and are in a position to integrate information flows and to form novel associations based on previously established memories. The spike timing of CA1 pyramidal cells, influenced by both gamma oscillators (Colgin et al., 2009) , may mediate temporary interaction between the oscillations (Csicsvari et al., 2003) . Such temporary coupling may support memory processes (Montgomery and Buzsá ki, 2007; Tort et al., 2008) . In this scheme, CA1 pyramidal cells are the interface between the two independent gamma oscillations.
Our data suggest that distinct layer-specific gamma oscillators are controlled by specialized GABAergic circuits, which regulate the generation, maintenance, and interaction of such gamma oscillators, supporting the formation of neuronal associations during memory formation and regulating the information flow through distributed neuronal networks.
EXPERIMENTAL PROCEDURES
All animal procedures were performed under licenses approved by the Austrian ministry of Science and in accordance with the relevant regulations of the Medical University of Vienna. Male Sprague-Dawley rats (290-550 g) were anesthetized with urethane (1.25 g/kg body weight) and additional doses of a ketamine/xylazine mixture when necessary (17 and 7 mg/ml, respectively; 0.02-0.1 ml intraperitoneally). To allow combined juxtacellular and silicon probe recordings, two cranial windows were drilled above the dorsal hippocampus, separated by a thin dental cement wall. To improve the mechanical stability necessary for the juxtacellular recordings, after the dura was removed and the electrodes were inserted, the window used to advance the juxtacellular electrode was sealed with wax and the other was kept wet with saline. In other experiments, we have drilled a large cranial oscillations with a frequency range and spatial distribution corresponding to gamma apical tuft , while L2 projection cells show selectivity to CSD oscillations recorded in the molecular layer of the dentate gyrus. Fourth and fifth column, coupling strength (r) spectra of two putative interneurons recorded in CA1 strata radiatum/lacunosum-moleculare to CA1 CSD gamma oscillations. Both cells showed increased coupling to CSD gamma oscillations in stratum lacunosummoleculare but at different gamma frequencies (n = 2,228 and 841 spikes). (D) Spatial profile of normalized coupling strength (mean vector length, r) of L3 putative projection cells (n = 3 experiments), L2 theta-peak-coupled projection cells (n = 3 experiments), and strata radiatum/lacunosum-moleculare interneurons to CSD gamma oscillations (mean ±SD). Interneurons in strata radiatum/ lacunosum-moleculare were included if they showed preferential coupling to either slow (purple; n = 7 cells) or fast (pink; n = 5 cells) CSD gamma oscillations localized to stratum lacunosum-moleculare. Coupling strengths were calculated over frequency ranges as indicated in the plots. (E) Mean firing phases of L3 pyramidal cells (triangles; n = 3 experiments, spikes pooled) and CA1 stratum radiatum/lacunosum-moleculare interneurons (dots; n = 12 cells) are plotted for all layers relative to local CSD gamma oscillations (calculated for the 20-45 Hz frequency range corresponding to gamma apical tuft for L3 pyramidal cells and for the 20-45 Hz or 60-100 Hz frequency range for the interneurons, as appropriate; for clarity, symbols in layers with no gamma apical tuft are shown in gray, and overlapping symbols are vertically displaced). The time lag displayed above the plot is calculated assuming a 35 Hz gamma cycle. See also Figure S4 . window above CA3 and CA1 regions and a separate window above the dMEC, when necessary. Adult C57BL/6 mice (28-31 g) were implanted with a head plate, and a cranial window was drilled above the dorsal CA1 hippocampus under isoflurane-anesthesia. After a recovery period of >2 days, the drug-free mice were fixed to a stereotactic frame via the head plate and were allowed to run on an air-flow-supported Styrofoam ball.
LFP recordings were performed from the dorsal CA1 of anaesthetized rats and head-fixed mice with 16-site linear silicon probes (100 mm and 50 mm intercontact spacing probes in rats and mice, respectively) inserted approximately perpendicular to the layers. In all experiments, the position of the silicon probe was confirmed by post hoc histological analysis, and the individual contacts were aligned to the layers by the recorded activity profiles (ripple oscillations and theta phase reversal). In rats, in parallel, spikes of putative interneurons were recorded by a glass electrode nearby, followed by juxtacellular labeling of the recorded cell for post hoc identification, or unidentified units were recorded by silicon probes nearby in area CA1 stratum radiatum/lacunosum-moleculare, in area CA3, or in the dMEC.
We limited all our analyses of gamma oscillations for periods with theta activity. Theta (3-6 Hz in rats; 5-12 Hz in head-fixed mice) phase at any time point was determined by linear extrapolation between trough (0 ) and the forthcoming peak (180 ), or between the peak and the forthcoming trough (360 ), and is reported from the contact in stratum pyramidale or equivalent, unless stated otherwise. Under the assumption that CSD sink-source pairs have radial orientation, CSD at a given contact was estimated as the second spatial derivative of the LFP in the axis of the silicon probe before any further transformations (filtering, wavelet) were applied. Instantaneous amplitude and phase of gamma oscillation was extracted by a continuous complex Morlet wavelet transformation (wavelet parameters of 1 and 1.5; 40 and 52 logarithmically equidistant scales between 20-100 Hz and 20-150 Hz for anesthetized and drug-free animals, respectively; filtering was performed only for visual inspection and display). For all CSD data, 0 and 360 represent the maximum sink and 180 represent the maximum source. For calculating the theta-gamma cross-frequency phase-amplitude coupling, we summed the Z-scored, theta-binned wavelet amplitudes for each scale, across the whole theta period in that experiment. Spike phase coupling statistics were calculated on matrices generated by spike-triggered extraction of complex wavelet values.
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